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ductor laser coupled to a flared power amplifier is provided,
the device including an internal or an external optical element
that reinforces the curved wave front of the flared section of
the device through phase-matching. By reinforcing the
curved wave front via phase-matching, the device is less
susceptible to thermal and gain-index coupled perturbations,
even at high output powers, resulting in higher beam quality.
Exemplary phase-matching optical elements include a grat-
ing integrated into the flared amplifier section; an intra-cavity,
externally positioned binary optical element; and an intra-
cavity, externally positioned cylindrically curved optical ele-
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1
HIGH POWER SEMICONDUCTOR LASER
WITH PHASE-MATCHING OPTICAL
ELEMENT

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 61/545,635, filed 11 Oct. 2011,
the disclosure of which is incorporated herein by reference
for any and all purposes.

FIELD OF THE INVENTION

The present invention relates generally to semiconductor
lasers and, more particularly, to a flared semiconductor laser
design that simultaneously achieves high output power with
limited beam degradation in the lateral direction.

BACKGROUND OF THE INVENTION

Semiconductor lasers may utilize any of a variety of dif-
ferent designs, the selected design typically driven by the
requirements of the intended application. Unfortunately it is
often difficult to find a device design that meets all of a
specific application’s requirements since many times one
device characteristic, such as output power, may influence
another device characteristic, such as beam quality. For
example, ridge-waveguide (RW) lasers offer nearly diffrac-
tion limited beam quality but are only able to achieve output
powers of approximately 1 watt. Conversely, broad-area
lasers are able to reach high output powers, on the order of 20
watts, but suffer from poor beam quality.

One approach that has been investigated recently as a
means of achieving both high output power and acceptable
beam quality is the use of a master oscillator with a power
amplifier (MOPA). In this type of system, the output from a
single mode laser is injected into a power amplifier. These two
components may be separate or combined on to a single
device, the latter approach eliminating many of the alignment
difficulties associated with the former approach.

FIGS. 1 and 2 illustrate a conventional flared semiconduc-
tor laser integrated on to a single substrate, this structure
utilizing two separate electrical contacts. FIG. 1 provides a
perspective view while FIG. 2 provides a top view of the same
device 100. Semiconductor laser 100 is comprised of two
components; a single mode ridge waveguide (RW) laser 101
that is coupled at one end to a high power flared section 103.
RW 101 may be either a gain-guided structure or an index-
guided structure. The non-coupled end surface 105 of RW
101 is typically coated with a high reflectivity (HR) coating.
Alternately, RW 101 may utilize a distributed Bragg reflector
(DBR) or a distributed feedback (DFB) section in which case
surface 105 is coated with an anti-reflection (AR) coating.
The outer, flared edge 107 of section 103 is typically coated
with an AR coating.

To date, high power broad area lasers with a 100 um aper-
ture have been limited to around 10-15 watts of power with a
beam quality factor, M?, of 1 in the transverse direction and an
M? of 15 (beam parameter product (BPP) of approximately
17 mm-mrad) in the lateral direction. In the recent past,
tapered lasers utilizing the design shown in FIGS. 1 and 2
have shown higher beam quality than non-tapered broad area
lasers, achieving a beam propagation ratio, M?, of 1.2 at
output powers of up to about 5 watts in continuous (CW)
operation. However, at higher output powers the beam quality
in the lateral direction begins to experience degradation. This
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degradation is due to phase front distortion arising from opti-
cal feedback and subsequent gain-index coupling. Addition-
ally, at high output power beam quality degradation in this
type of laser can be caused by thermal gradient-induced index
of refraction variations.

Accordingly, what is needed is a means for reducing beam
quality degradation at high output powers in semiconductor
lasers utilizing a tapered design. The device structure of the
present invention achieves these goals.

SUMMARY OF THE INVENTION

A semiconductor laser that includes a single mode (SM)
semiconductor laser section coupled to a flared power ampli-
fier is provided, the device including an optical element con-
figured to reinforce the curved wave front of the output beam
of'the flared section through phase-matching. In one configu-
ration, the optical element is comprised of a curved grating
integrated into the flared section of the device, where the
curvature corresponding to the curved grating matches the
phase and curvature of the curved wave front of the output
beam of the flared section. In an alternate configuration, the
optical element is comprised of an intra-cavity optical ele-
ment that is external to the SM semiconductor laser and flared
sections and which is comprised of a binary optical element
that is phase matched with the curved wave front of the output
beam of the flared section. In yet another alternate configu-
ration, the optical element is comprised of an intra-cavity
optical element that is external to the SM semiconductor laser
and flared sections and which is comprised of a cylindrically
curved optical element with a curvature that matches the
phase and curvature of the curved wave front of the output
beam of the flared section. In those configurations using an
external optical element to reinforce the wave front of the
output beam of the flared section, a fast-axis collimating lens
is preferably interposed between the output surface of the
flared section and the external optical element. In those con-
figurations using an external optical element to reinforce the
wave front of the output beam of the flared section, the output
surface of the optical element may be coated with a partially
reflective broadband coating.

In one aspect of the invention, the rear facet of the SM
semiconductor laser section may be coated with a high reflec-
tivity coating (e.g., at least 90%). In another aspect, the front
facet of the flared section may be coated with an anti-reflec-
tion (AR) coating and/or tilted at an angle 8 away from the
normal, where angle 0 is greater than or equal to the critical
angle 0_,,,,.,; Which corresponds to the angle required to sup-
press reflections from the front facet into the flared section. In
another aspect, the output coupler of the device may consist of
an optical element coated with a partially reflective broad-
band coating; alternately, may consist of a wavelength selec-
tive surface grating; alternately, may consist of a wavelength
selective volume Bragg grating. The SM semiconductor laser
section may be configured as a distributed feedback (DFB)
laser or a distributed Bragg reflector (DBR) laser. In another
aspect, the SM semiconductor laser section may have a width
of'between 3 um and 7.5 um, and the flared section may have
a length of between 2 millimeters and 10 millimeters. The
active region of the flared section may be comprised of a
quantum well gain media or a quantum dot gain media. A
Ti-Schottky contact layer may be located outside the current-
injected region of the flared region to attenuate the propagat-
ing beam and severely reduce reflection from the sides to
prevent beam quality degradation.
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A further understanding of the nature and advantages of the
present invention may be realized by reference to the remain-
ing portions of the specification and the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 provides a schematic of a flared semiconductor laser
with two separate electrical contacts in accordance with the
prior art;

FIG. 2 provides a top view of the flared semiconductor
laser of FIG. 1, this view showing both the ridge waveguide
and the high power flared sections;

FIG. 3 illustrates a flared semiconductor laser, such as the
laser shown in FIGS. 1 and 2, with the inclusion of a phase-
matching curved grating integrated monolithically into the
device in accordance with an embodiment of the invention;

FIG. 4 illustrates a flared semiconductor laser, similar to
that shown in FIG. 3, in which the phase-matching curved
grating only occupies a portion of the flared power amplifier
section;

FIG. 5 provides a longitudinal cross-sectional view of a
flared semiconductor laser, such as the lasers shown in FIGS.
3 and 4, in which the front facet is tilted to suppress back
reflections into the planar waveguide;

FIG. 6 provides a top view of a flared semiconductor laser,
such as the laser shown in FIGS. 1 and 2, with the inclusion of
a phase-matching binary optical element interposed between
the output facet of the laser and the output coupler;

FIG. 7 provides a top view of a flared semiconductor laser,
such as the laser shown in FIGS. 1 and 2, with the inclusion of
a phase-matching cylindrical optical element interposed
between the output facet of the laser and the output coupler;

FIG. 8 schematically illustrates a current divider that may
be used with the invention, enabling a single current source to
drive both the ridge waveguide and the high power flared
sections;

FIG. 9 provides an exemplary vertical epitaxial layer struc-
ture of a flared high power semiconductor laser that may be
used with the invention;

FIG. 10 illustrates an embodiment of the invention similar
to that shown in FIG. 3 with an extended absorber region; and

FIG. 11 illustrates an embodiment of the invention similar
to that shown in FIG. 10 in which the absorber region is
further extended.

DESCRIPTION OF THE SPECIFIC
EMBODIMENTS

In accordance with the invention, the beam quality of a
tapered, i.e., flared, semiconductor laser is improved by pro-
viding a tailored, curved wave front into the unstable resona-
tor. The inventor has found that with such a curved wave front
in the flared section of the device, the device becomes less
susceptible to thermal and gain-index coupled perturbations
even at high output powers, e.g., greater than 5 watts. Accord-
ingly, the present invention introduces phase-matching fea-
tures into the system so that the wave-front curvature domi-
nates the filaments introduced by the spatio-temporal chaos
inside the resonator, thereby preventing beam quality degra-
dation.

FIG. 3 illustrates a preferred embodiment of the invention
based on the MOPA configuration shown in FIGS. 1 and 2 in
which a single mode RW laser 301 drives a gain- or index-
guided flared power amplifier section 303. In this embodi-
ment, integrated into flared section 303 of device 300 is a
curved grating 305. This curved grating is defined as modu-
lation in index of refraction that is periodic with a periodicity
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of A(x,y)=mA/2n,; where m is the order of the grating, A is
the Bragg wavelength and n_, is the effective index of the
optical mode. A(x,y) defines a grating pitch function in the x-
and y-planes as defined in FIG. 2. The most general function
of'this pitch is defined by a radius of curvature to the grating,
R(x, y):Zm,anm,nx’"y”. The origin of this function resides at
the point where a vertical line that divides the RW and flared
amplifier crosses the line that symmetrically bifurcates the
device in the longitudinal direction (y-direction) in FIG. 2.
The curvature of grating 305 is configured to match the phase
and curvature of the beam propagating through power ampli-
fier 303 by choosing the required number of terms in the
bipolynomial function, R(x,y). The inventor has found that
curved grating 303 not only helps to maintain a uniform wave
front, as determined by the grating’s curvature, but also helps
to push out any filaments and prevent self-focusing.

It should be understood that it is not necessary for the
curved grating 305 to occupy the entire length of the flared
power amplifier section 303. This configuration is illustrated
in FIG. 4 in which curved grating 401 is located at the input
end of flared power amplifier section 303. The actual length of
the curved grating 401 depends on the specific waveguide
design of the single mode RW laser 301 as well as the length
and lateral waveguide design of the flared power amplifier
section 303. Typically the length of the grating, [, is chosen
so that the product of the grating coupling constant, k, and the
grating length, i.e., kxL, has avalue in the range 0£ 0.01 t0 2.0.

In order to suppress facet feedback from surface 307, pref-
erably front facet 307 is coated with an AR coating. Alter-
nately, or in combination with an AR coating as preferred, the
front facet of the flared section may be tilted in the epitaxial
growth direction. In this embodiment, the laser structure is
grown on a substrate that is oriented at an angle away from the
principle growth axis so that the cleaved facets are tilted with
respect to the wave propagation direction. By tilting the front
facet, any residual reflections, R, are deflected away from the
facet and away from the waveguide as shown in FIG. 5. In
device 500, front facet 501 is tilted at an angle 6 that is greater
than 0,,,,.,, Where 0_,,,.,; is the critical angle required to
suppress feedback (i.e., reflections R) back into the planar
optical waveguide 503. As previously noted, preferably sur-
face 501 is AR coated in order to further suppress reflections
back into the waveguide.

In another embodiment, an intra-cavity, external phase-
matching optical element is used to maintain a smooth wave
front and achieve improved beam quality. FIG. 6 illustrates an
embodiment based on the device shown in FIGS. 1 and 2 that
includes a phase matching binary optical element 601. As is
known by those of skill in the art, a binary optical element is
one in which surface relief structures have been etched into
the optical element’s substrate, typically using integrated cir-
cuit fabrication techniques. In the present application, binary
optical element 601 is configured to provide phase matching
with the wave front of the device’s output, thereby providing
the desired feedback necessary to reinforce the curved wave
front of the flared power amplifier section.

FIG. 7 illustrates a variation of the system shown in FIG. 6,
this embodiment replacing binary optical element 601 with a
cylindrically curved optical element 701. The curvature of
element 701 matches the wave front of the tapered power
amplifier section, thus feeding back the wave front generated
inside the flared section and making the device less suscep-
tible to thermal and gain-index coupled perturbations.

Preferably and as shown, in devices 600 and 700 a fast-axis
collimating lens 603 is interposed between the output surface
605 and the phase matching optical element. Surface 605 is
preferably AR coated to reduce facet feedback. Alternately,
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and as described above, surface 605 may be tilted, or tilted
and AR coated, with respect to the wave propagation direc-
tion.

The output coupler 607 can be in the form of a partially
reflecting broadband coating applied to the phase matching
optical element, e.g., element 601 or 701, or applied to a
separate optical element. Output coupler 607 may also be
comprised of a wavelength-selective partially reflecting ele-
ment such as a surface grating or a volume Bragg grating
(VBQG). If a wavelength-selective element is used as the out-
put coupler, preferably the center wavelength is chosen to be
resonant or blue-shifted relative to the peak of the gain spec-
trum at the operating condition, thus achieving high differen-
tial gain and low alpha-parameter in the amplifier section.
This can be achieved by blue-shifting the RW section by
impurity-free vacancy disordering or impurity-induced
vacancy disordering or through the use of a tuned distributed
feedback (DFB) or distributed Bragg reflector (DBR).

In the embodiments described above, the rear facet 309 of
the RW oscillator is coated with a high-reflectivity coating,
typically with a reflectivity of at least 90%. Alternately, the
rear facet 309 of these structures can be coated with an AR
coating and a DBR can be used as the rear mirror for the
cavity.

In accordance with the invention, the single mode semi-
conductor laser coupled to the flared section of the device
may be configured in a variety of ways. For example, the
single mode laser may be an RW oscillator configured as a
distributed feedback (DFB) laser or a distributed Bragg
reflector (DBR) laser. The design of RW section strongly
determines the properties of the whole device. As such, pref-
erably the RW oscillator only supports the fundamental
guided mode while suppressing higher order modes gener-
ated in the tapered section. Preferably RW is fabricated by dry
etching in order to minimize scattering losses. The etched
surface is covered with an insulator with a contact opening to
the p** layer in order to inject current into the RW. Depending
on the vertical structure, the width of the RWG will vary
between 3 pum and 7.5 um. The length of RW section is
selected to effectively suppress the higher order modes. Other
configurations for the single mode laser include, but are not
limited to, buried RW lasers, antiresonant reflective optical
waveguide (ARROW) lasers and simplified-ARROW (S-AR-
ROW) lasers.

In atypical configuration of the invention, the length of the
flared power amplifier is on the order of 2 to 10 millimeters.
In general the length of this region is selected to achieve the
desired output power. Longer devices offer the advantage of a
wider output aperture with a lower facet power density as well
as lower thermal resistance.

As previously noted, and in accordance with the invention,
separate electrical contacts are used for the RW and flared
sections of the device, thereby allowing separate control of
the two sections. In a preferred embodiment, the current
injected into the RW section 801 is in the range of 0.1 A to 3
A while a higher current, in the range of 3 A to 50 A, is used
in the flared section 803. In order to avoid using two separate
current supplies, a single current source 805 and a current
divider circuit 807 such as that shown in FIG. 8 may be used.
Note that in the illustrated current divider circuit 807, R,
and Rz, correspond to the series resistance of the flared and
ridge-waveguide sections, respectively, and R, 809 corre-
sponds to the resistor used to divide the current between the
flared and the RWG sections. Such a current divider can be
achieved by depositing additional conductive material such
as TiN to attain the required resistance in the RW section.
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It will be appreciated that the flared semiconductor laser
used with the present invention may be configured in various
ways, as described above, and may be based on a variety of
different material systems and utilize various compositions
and layer thicknesses, depending on the intended emission
wavelength. In general, however, all of the embodiments
utilize a flared semiconductor laser in which the active region
consists of a quantum well or quantum dot gain media with
single or multiple quantum wells or quantum dot layers. An
extremely low optical confinement factor in the gain media
layer is preferred in order to achieve a very low modal gain
epitaxial structure.

FIG. 9 provides an exemplary structure, preferably fabri-
cated using metal-organic vapor phase epitaxial growth tech-
niques. The gain media in active layer 901 is embedded
between waveguide layers 903 and 905, each of which is
relatively thick. Due to this design, the power density at the
front fact is reduced, thereby enabling higher optical output
powers to be achieved. Additionally, the reduced vertical far
field angles allow the application of optical elements with
moderate numerical aperture for beam shaping. The structure
is completed with p- and n-cladding layers 907 and 909,
respectively, and a highly doped p**GaAs contact layer 911.
Preferably a Ti-Schottky contact layer is patterned in the
flared section on either side of the current-injected section,
i.e., regions 311, in order to absorb stray reflected light and
further suppress interference, amplification and generation of
filaments. It will be appreciated that this absorber region 311
may be extended further than shown in FIGS. 3,4, 6 and 7. For
example, FIGS. 10 and 11 illustrate embodiments based on
the configuration shown in FIG. 3 in which the absorber
region has been extended, i.e., region 1001 in FIG. 10 and
region 1101 in FIG. 11. It will be appreciated that extended
absorber regions may also be used with the embodiments
shown in FIGS. 3, 6 and 7.

It should be understood that the accompanying figures are
only meant to illustrate, not limit, the scope of the invention
and should not be considered to be to scale.

Systems and methods have been described in general terms
as an aid to understanding details of the invention. In some
instances, well-known structures, materials, and/or opera-
tions have not been specifically shown or described in detail
to avoid obscuring aspects of the invention. In other instances,
specific details have been given in order to provide a thorough
understanding of the invention. One skilled in the relevant art
will recognize that the invention may be embodied in other
specific forms, for example to adapt to a particular system or
apparatus or situation or material or component, without
departing from the spirit or essential characteristics thereof.
Therefore the disclosures and descriptions herein are
intended to be illustrative, but not limiting, of the scope of the
invention.

What is claimed is:

1. A semiconductor laser, comprising:

a single mode (SM) semiconductor laser section;

a flared power amplifier section, wherein an SM output
from said SM semiconductor laser section is injected
into said flared power amplifier section, and wherein an
output beam from said flared power amplifier section is
comprised of a curved wave front; and

a curved grating integrated throughout said flared power
amplifier section and configured to reinforce said curved
wave front of said output beam of said flared power
amplifier section, wherein said curved grating occupies
an entire length of said flared power amplifier section,
wherein a curvature corresponding to said curved grat-
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ing matches a phase and a curvature corresponding to
said curved wave front of said output beam of said flared
power amplifier section.

2. The semiconductor laser of claim 1, said SM semicon-
ductor laser section further comprising a rear facet coated
with a high reflectivity coating with a reflectivity of at least
90%.

3. The semiconductor laser of claim 1, said flared power
amplifier section further comprising a front facet coated with
an anti-reflection (AR) coating.

4. The semiconductor laser of claim 1, said flared power
amplifier section further comprising a front facet, said front
facet tilted at an angle 6 away from a normal of the longitu-
dinal axis of said semiconductor laser, wherein said angle 0 is
greater than or equal to a critical angle 0_,,,,,;, Wherein criti-
calangle,,,,..; corresponds to the angle required to suppress
reflections from said front facet into said flared power ampli-
fier section.

5. The semiconductor laser of claim 4, wherein said front
facet is coated with an anti-reflection (AR) coating.

6. The semiconductor laser of claim 1, further comprising
an output coupler coated with a partially reflective broadband
coating.

7. The semiconductor laser of claim 1, further comprising
an output coupler, said output coupler comprised of a wave-
length selective surface grating.

8. The semiconductor laser of claim 1, further comprising
an output coupler, said output coupler comprised of a wave-
length selective volume Bragg grating (VBG).
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9. The semiconductor laser of claim 1, wherein said SM
semiconductor laser section is configured as a distributed
feedback (DFB) laser.

10. The semiconductor laser of claim 1, wherein said SM
semiconductor laser section is configured as a distributed
Bragg reflector (DBR) laser.

11. The semiconductor laser of claim 1, wherein a width
corresponding to said SM semiconductor laser section is
between 3 um and 7.5 um, and wherein a length correspond-
ing to said flared section is between 2 millimeters and 10
millimeters.

12. The semiconductor laser of claim 1, said flared power
amplifier section comprising an active region consisting of a
quantum well gain media.

13. The semiconductor laser of claim 1, said flared power
amplifier section comprising an active region consisting of a
quantum dot gain media.

14. The semiconductor laser of claim 1, said flared power
amplifier section comprising a current-injected region, a first
Schottky contact comprised of a first titanium layer located on
afirst side of said current-injected region, and a second Schot-
tky contact comprised of a second titanium layer located on a
second side of said current-injected region.

15. The semiconductor laser of claim 14, said first Schottky
contact additionally located on a first side of said SM semi-
conductor laser section, and said second Schottky contact
additionally located on a second side of said SM semicon-
ductor laser section.



